The localization systems are becoming more and more required in the actual flexible manufacturing systems based on mobile robots. There are several approaches to localize a mobile robot such as laser scanners reflective beacons, image mapping, lightning based systems, Ultra-wideband time-of-flight trilateration, odometry and fusion sensor data algorithms. During the development phase of a localization methodology, it is necessary to evaluate the proposed system: it is used a ground truth system. Ground truth systems are precise (usually based on reflective beacons) but expensive. This paper presents a low-cost ground truth system based on a standard low-cost laser scanner that, coupled with the presented algorithm, allows to localize the robot in the field and thus evaluate other localization systems. Results of the precision of the developed system are presented and validates the approach.
INTRODUCTION
Nowadays, constant advances and several relevant applications have been emerging in the field of mobile agents in indoor environments. A great example is the autonomous mobile robots area. Thus, one of the main research areas employs efforts in the development of hardware and techniques such as Kalman and Particle filter to optimize the localization of these mobile agents, dealing with the complex minimization of errors and uncertainties due to noise.
Consequently, different methods are applied in the difficult task of locating mobile agents in internal environments, having different levels of precision and costs. The most common technologies are: Wi-Fi with an accuracy of 1-3 m (Zhong et al., 2016) , bluetooth with an accuracy of 0.5 -1 m (Rida et al., 2015) and Ultra Wide Band (UWB) (Lima and Costa, 2017) with an accuracy of 0.1 -0.3 m. Methods based on data processing of cameras and Laser Range Finder (LRF) are also applied, however they have a higher price compared to the technologies previously mentioned.
The main contribution of this article is a proposal of a low-cost ground-truth system, based on a popular LRF, for evaluation of one other localization system under development. It can be used in one indoor mobile robot localization system and it will localize one object with a circular geometric shape within its line of sight. This object is easily coupled to the mobile agent. An outline of this paper is as follows. In Section 2 the state of the art of the main applications with LRF is presented. In Section 3 the methodology with the description of the sensor and the object is addressed, besides presenting the calculations involved in the proposed approach. Experimental results are presented in Section 4 and Section 5 concludes the paper.
RELATED WORK
Currently the laser-based scanner technology has provided the ability to develop applications for precise and fast non-contact measurement in a wide range of applications.
The laser range finder is applied for 2D mapping (i.e., a laser that scans in one plane) and 3D mapping (i.e., a laser that scans and "nods" thus producing a range image of an area) (Okubo et al., 2009) . In the present work it will be focused on the application of laser in 2D scan once it is computationally more efficient in the process of tracking an object. In the last decade the LRF with 2D scanning was applied in several activities in mobile robotics, such as detecting and avoiding collision with obstacles. In (Xu et al., 2006) , was proposed a method for obstacle detection based on stochastic density of scan points using a robot equipped with a laser scanner in structural or semi/non-structural environment. Another example is the paper (Zeng and Weng, 2007) where a mobile humanoid robot is equipped with a 2D laser scanner to detect and avoid static and dynamic obstacles through on-line real-time incremental learning.
The 2D Laser Range Finder is also widely applied for the construction of maps in a single slice of the plan (Nepali et al., 2015; Olson, 2015) . In (Nepali et al., 2015) the LRF data are used together with segmentation algorithm methods, Split and Marge algorithm and best algorithm for reconstruct floor plans with centimeter precision. However, these techniques accumulate errors and have a considerable computational cost (Hess et al., 2016) .
In this same context, the LRF has been amply used in simultaneous localization and mapping (SLAM) problem. SLAM addresses the problem of robot navigation in an unknown environment (Siciliano and Khatib, 2008; Santos et al., 2013) . In (Sobreira et al., 2015) was used a security laser presented on most of industrial AGVs for traveling in the unknown environment, while generating the map and at the same time it wishes to localize itself using its map.
More related to this work is the use of an external and fixed LRF to perform the tracking of cylindrical objects attached to moving devices such as mobile robot. Teixidó et al. (Teixidó et al., 2012) combined the information obtained from an external fixed LRF with algorithm for outlier avoidance and a leastsquares circular fitting to detect cylindrical targets attached to moving devices (Teixidó et al., 2012) .
Given the wide range of applications of the LRF and the wide acceptance of academia and industry in its use, the present work will be composed by a laser scanner to perform mobile robot tracking in internal environments, i.e. a ground truth to validate low cost localization systems based on other emerging technologies such as Ultra Wide Band.
METHODOLOGY
This section, will present the methods and materials used in this work for the development of the ground truth system to track a circular object.
Hokuyo Sensor Description
This application uses the Hokuyo URG-04LX sensor (Kawata, 2006) to evaluate others low cost systems for the tracking of mobile robots (Figure 1 ). It has a good resolution and specifications compared to the same equipment in its price range around one thousand Euros. The LRF scans the area around it to determine the distance of closest objects, providing a twodimensional map of the environment with high accuracy. The principle of operation is based on the emission of a sinusoidally modulated laser beam. A rotating mirror changes the beams direction, then the laser hits the surface of an object and is reflected. The direction of the reflected light is changed again by a rotating mirror, and captured by the photo diode. The phases of the emitted and received light are compared and the distance between the sensor and the object is calculated (Lima et al., 2013) . Figure 2 illustrates the activity of the LRF. Since the emitted and reflected waves have the same frequency f as shown in Figure 2 , it is possible to determine the distance between the sensor and the surface from the equation 1, where d is the distance between the LRF and a surface.
The variable ϕ is the phase difference between the waves emitted and received in radians. The constant c indicates the wave propagation velocity in the environment.
The relevant specifications obtained from the manufacturer for the Hokuyo URG-04LX can be checked in Table 1 (Hokuyou, 2018) . Figure 3 shows the range of the ground truth, i.e. the measurement area of the LRF. The LRF is installed in the origin of the frame that represents tracking environment. The laser is fixed in position (0, 0) of the 2D plane where a polar mapping with a radius of 5.6 m and an angle comprised of from -120 degrees to +120 degrees. The blue region represents the area with a precision of 30 mm of localization. Red region delimits the area where the sensor's operating mode provides 12 bits of distance and angle data. This region is widely used by the academic community, for example (Lima et al., 2013; Okubo et al., 2009 ). The area in yellow includes the maximum region of measuring stipulated by the manufacturer and the sensor operating mode provide 18 bits of data (Kawata, 2006) .
Ground Truth Range

Object Description
The object targets used in this paper was a drum lampshade with a diameter of 0.25 m. Within the measurable area, LRF locates a circle with the same diameter of target and returns the position (x c , y c ) of its center point as showed in Figure 4 . This target was easily fixed to the mobile robot (it can also be fixed to other mobile devices) and it is possible to estimate its position and trajectory. In the case of the mobile robot with differential drive, the center of the object must be aligned with the center point of the traction wheel axis, i.e., the origin of the axis of rotation, avoiding measurement errors. Figure  5a presents a robot that is incapable of being traceable by this approach. Figure 5b shows the robot equipped with the object, which makes it traceable. 
Circular Fitting Calculation
The data from the LRF is in the polar form coordinate i.e. distance and angle. But the tracking is carried out in Cartesian coordinate. So the scan data in polar coordinate needs to be converted into Cartesian coordinate using the sine trigonometry identity, as show in the following equations:
Given a finite set of points representing the edge of the target in R 2 , {(x i , y i )|0 ≤ i < n} , it is necessary to find the circle that (in a least-squares sense) fits the points. First of all, it finds the mean values of x and y, as presented in next equations.
The problem is solved firstly in the coordinates (u, v) where u i = x i −x and v i = y i −ȳ. Then, transforms it back to (x, y) coordinates.
Let the circumference has the center at (u c , v c ) and radius R. The algorithm minimizes
and α = R 2 (7) To minimize S, the procedure is to differentiate S(α, u c , v c ).
∂S ∂α
Thus, if the radius variation is zero, i.e. ∂S/∂α = 0 then:
Continuing, the differentiation of S with respect to u c results in:
Therefore, considering the radius of the constant target (Eq. 9) and fixed center point (∂S/∂u c = 0) the following equation is obtained:
Similarly, requiring ∂S/∂u c = 0 gives
Expanding Equation 14 gives:
i and so on, it is possible to rewrite the equation (16) 
In a similar way, expanding equation 15 and using S v = 0 gives:
Solving equation 18 and 19 simultaneously gives (u c , v c ). Then, going back to (x, y) coordinates, the real center point of the target (x c , y c ) is obtained by the follow relation:
To find the radius R, equation 9 should be expanded:
Using S u = S v = 0 again, it can be obtained R 2 using equation below:
Laser Scan Application Developed
An application was developed in the Lazarus environment to operate the LRF and decode the received data. It is responsible for tracking the circumference, as well as being an user interface that allows the definition of parameters such as the region of interest of the sensor scanning, the value of the radius and its tolerance as shown in Figure 6 . Communication between the sensor and the application is done through a communication protocol called SCIP2.0, developed by the research group of the Intelligent Robot Laboratory of the University of Tsukuba. The communication rate is 9 Mbps through an USB port (Kawata, 2006) . This application is also capable of performing wireless communication with another device through a UDP/IP protocol. 
RESULTS
The results of this paper will be divided into two parts. The first part, a structure with a robotic manipulator was adopted to evaluate the accuracy of the proposed system. In the second part, a mobile robot was used to evaluate five critical points in an area of 16 m 2 . All data presented in this section refers to the center point (x c , y c ) of the object that was subjected to the tracking.
Target Attached to a Robotic Manipulator
In order to obtain an accuracy analysis of the ground truth, the cylindrical object described above was attached to the tool of ABB IRB 1400 robotic manipulator, which has a linear path repeatability of at maximum 0.25 mm according to the manufacturer (ABB, 2003) . The structure can be seen in Figure 7 of Figure 8 ).
Another test was performed with this same structure of the robotic manipulator. A linear trajectory with a constant velocity of 0.25 m/s was made by performing a rectangular circuit. The points (x; y) visited by the tool of manipulator were respectively (0.6; 0.2), (1.1; 0.2), (1.1; −0.2), (0.6; −0.2) and finally (0.6; 0.2). Figure 9 shows the path traveled and the points sampled by the ground truth. 
Target Attached to a Mobile Robot
For this subsection, an area of 4x4 m was organized to perform the tracking in five different positions (A, B, C, D, E) using a mobile robot with the cylindrical object (see Figure 10 ). This area totaling 16 m 2 is contained inside the range of the LRF as shown the illustration in Figure  11 . Table 2 shows the position of each point that the mobile robot was positioned. 400 samples were taken for each position. Table 3 shows the mean and standard deviation of the 400 samples obtained with the ground truth for each point by measuring the proposed system's dispersion.
The following Figures show the frequency distribution (histogram) for each of the points in X and Y component. It is possible to notice that most of the obtained data have a normal distribution. The developed system presents an absolute average error of 8 mm in X axis and 9 mm in Y axis.
CONCLUSIONS
This paper proposed the use of an LRF to locate and detect an object in the form of a circle in a 2D plane, in order to validate (as ground truth) the low cost location systems for mobile robots. The used sensor was the URG-04LX manufactured by Hokuyo and the target was a cylinder with a diameter of 0.25 m. To test the system performance two scenarios were used: one with the target mounted on an industrial manipulator and other with the target mounted on a mobile robot. In both cases, low noise was observed in the localization of the target even with a mis-calibration between the manipulator and the sensor frames. The results validated the proposed methodology for a lowcost ground-truth system to be used in mobile robotic applications.
Finally, as future work is intended to develop a standardized bench to optimize the alignment of the sensor and apply the ground truth in a low cost localization application and the development of a ROS node enhancing the cooperation among other researchers community.
